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Abstract

Human reproductive cells are produced by meiosis, a specialised cell division that is essential
for human reproduction, genetic diversity and evolution. For a successful meiotic cell division,
it is important that the DNA is replicated, reduced and ultimately segregated with high
accuracy into the daughter cells. Any errors or failures in this process lead to infertility,
spontaneous abortion, birth defects such as Down syndrome and germ cell cancers. This is
especially a major concern in the ageing female population since the chromosomal abnormality
rates dramatically increase from the age of 35 years onwards. Thus, to achieve a flawless
chromosomal reduction and segregation, nature orchestrates an accurate ‘choreography’ during
prophase I, where homologous chromosome pairs are bound together through ‘rapid prophase
movement . Precisely controlled by the cytoskeletons, this ‘rapid prophase movement peaks
during zygotene stage, facilitating meiotic ‘bouquet’ formation, where the synapsed
homologous pairs of chromosomes adopt horseshoe-shaped structures with the telomeric ends
physically attached to the nuclear envelope. The linker of nucleoskeleton and cytoskeleton
(LINC) complex act as a mechanical transducer that mediates cytoskeletal forces from the
cytoplasm to the nucleus through the interaction of SUN and KASH domain proteins in the
perinuclear space. The canonical model is that linear 3:3 SUN-KASH complexes provide the
nucleocytoskeletal linkages but in this dissertation (chapter 2), I present biophysical and
crystallographic evidence in support of the SUN-KASH complexes that assemble into
branched networks. Therefore, in order to achieve the coordinated mechanical transduction of
large cytoskeletal forces through the nuclear envelope, the SUN-KASH 6:6 assemblies could
serve as nodes for branching and integration between LINC complexes. Further, in chapter 3,
I characterise the interaction between Meilb2 and Brmel and discuss how Meilb2-Brmel
complex forms a ternary complex with Brca2, which is essential for the recruitment of the

recombinases to the meiotic double-strand break sites.
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Chapter 1: Introduction
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Actively dividing cells in all living organisms go through a series of phases where the genetic
materials are first replicated and later segregated into their daughter cells. In eukaryotes, two
different types of cell division exist, mitosis and meiosis. Mitotic cell division produces
daughter cells with identical genetic material as the parent cell, on the other hand, meiosis is a
reductive cell division that produces haploid cells from diploid cells and the genetic material is
shuffled to enhance diversity. During mitotic cell division, alternate phases of replication and
segregation are closely regulated by various cellular proteins and of them, cyclin-depended
kinases (CDK) are known to be a key regulator. The mitotic cell division is usually initiated by
the formation of the pre-replicative complex at the origin of replication during growth 1 phase
(G1) and during this phase, the CDK activity is usually minimal since the formation of the
pre-replicative complex is inhibited with a high CDK activity. Later in the G1 phase after the
formation of the pre-replicative complex, the increase in CDK activity triggers the initiation
of DNA replication (Tanaka and Araki, 2010). Meiotic cell division, unlike mitosis, involves a
round of DNA replication followed by two successive rounds of division (Meiosis I and Meiosis
IT; Figure 1.1) without an intermediate synthesis phase and elimination of this phase is achieved
by regulating a high level of CDK activities between two meiotic divisions (Salazar-Roa and
Malumbres, 2017). During meiosis I, the sister chromatids stay intact, whilst homologous
chromosomes exchange their genetic material through homologous recombination and are
segregated, whereas, during meiosis II like mitosis, sister chromatids are segregated, hence
creating four haploid daughter cells. Any errors or defects in meiotic cell-division lead to

infertility, spontaneous abortion, birth defects such as Down’s syndrome and germ cell cancers

(Handel and Schimenti, 2010)

Unlike mitosis, the process of meiotic cell division is long and slow due to prophase I
(consisting of leptonema, zygonema, pachynema and diplonema) that takes about 21 days in
mammals (Cohen et al.,, 2006; Hunter, 2013) and is a crucial phase when homologous
chromosome pairs find one another, physically connect through synapsis and exchange genetic
material through the crossover. After DNA replication, the sister chromatids enter leptonema
and condense their structure and initiate homolog searches and pairing. During leptonema,
axial elements assemble and form a continuous structural scaffold by the sister chromatids.

Meiotic recombination is initiated in this stage by SPO11, a meiosis-specific endonuclease that
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introduces programmed DNA double-strand breaks and these double-strand breaks are later
repaired by the mid-pachytene stage (de Massy, 2013; Keeney et al., 1997; Lam and Keeney,
2015). During the transition between the leptonema and zygonema, DNA recombinases like
RADS51 (ubiquitous strand exchange protein) and meiosis-specific DMC1 (RAD51’s
homologue), are localised at the double-strand break repair sites, which facilitates the invasion
of the 3’ single-stranded DNA overhang into its template (homologous chromosome),
displacing a homolog strand and forming a displacement loop (Baudat et al., 2013; Dai et al.,
2017; Shinohara and Shinohara, 2004). Chapter 3 presented later in this dissertation, details
more on this subject. It is during zygonema when the homologous chromosomes begin closely
associated with one another and the degree of the association grows throughout this stage.
Synapsis is initiated through the maturation of central elements that join the homologs and
the telomeric ends of the chromosomes are attached and clustered to the nuclear envelope,
forming a bouquet structure (consequently zygonema is also known as the bouquet stage).
During pachynema, which is the longest stage of prophase I, the association between the
homologous chromosomes is completed and the homologs have fully synapsed. Double-
Holliday junctions are formed during this stage that are resolved by the end of this phase.
During diplonema, the synapsis is dissolved, and the homologous chromosomes are no longer
associated. All stages until here are conserved in both male and female animals. In female
animals, meiotic cells are arrested after diplonema and oocytes progress to a dormant dictyotene
phase. However, these dormant oocytes starts deteriorating in ageing females, since the
chromosomes are segregated with lower efficiency when the meiosis resumes at the time of
ovulation (Hunter, 2013). Finally, during diakinesis, the nuclear envelope starts disassociating
and spindle microtubules are formed, which connect to the kinetochores of the homologous

chromosomes before the start of metaphase I.
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Human reproductive cells are produced by meiotic cell division, a two-stage process (meiosis I
and meiosis II) in which the number of chromosomes is reduced from 46 to 23, and the genetic
material is shuffled to enhance diversity. This process of reductive cell division requires an
elaborate chromosome ‘choreography’ in which homologous chromosome pairs align in
synapsis, exchange genetic material by crossing over and then segregate.
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During prophase I of meiosis, an elaborate chromosome choreography is orchestrated through
‘rapid prophase movement’, where highly dynamic chromosomes rearrange themselves to
promote homologous chromosome pairing (Figure 1.2) (Lee et al., 2015a; Page and Hawley,
2003). Precisely controlled by the cytoskeletons, this ‘rapid prophase movement’ peaks during
zygotene stage, facilitating meiotic ‘bouquet’ formation (Harper et al., 2004), where the
synapsed homologous pairs of chromosomes adopt horseshoe-shaped structures with the
telomeric ends physically attached to the nuclear envelope (Figure 1.3) (Hiraoka and
Dernburg, 2009; Koszul and Kleckner, 2009). This specialised chromosome rearrangements
later promote the assembly of the synaptonemal complex, a tripartite molecular scaffold, which
provides continuous synapsis between homologous chromosome axes and the necessary
structural platform for crossover formation (de Vries et al., 2005; Dunce et al., 2018a;
Kouznetsova et al., 2011; Page and Hawley, 2004; Westergaard and von Wettstein, 1972). The
synapsed chromosomes are then physically attached to the inner nuclear membrane through
attachment plates (Esponda and Giménez-Martin, 1972; Holm and Rasmussen, 1977; Liebe
et al., 2004; Woollam et al., 1967).
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Figure 1.2: Meiotic prophase I

(a) Chromosome ‘choreography’ is achieved through ‘rapid prophase movements’, a highly
dynamic chromosome rearrangements that facilitates homologous chromosome pairing (b)
This process later results in meiotic ‘bouquet’ formation, where synapsed homologue pairs
adopt horseshoe-shaped structures via telomeric ends’ clustering on the nuclear envelope,
facilitated by the LINC complex. (c) The force generated by the cytoskeletons is transduced
by the LINC complex to the telomeres to promote synapsis and chromosomal segregation via

an intact nuclear envelope.
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Figure 1.3: Transmission electron micrographs of murine telomere tethered to the nuclear
envelope.

Micrographs reproduced from (Spindler et al., 2019). Scale bar, 100nm. (a) Ultrathin section
of a pachytene spermatocyte displaying telomeric end of the homologous chromosomes
tethered at the nuclear envelope (b) Highlighting central elements (CE, yellow) and lateral
elements (LE, magenta) of the synaptonemal complex along with the telomere attachment
plates (AP, purple) and nuclear envelope (NE, green) on epoxy-embedded frozen testis section.
White arrowheads point at continuous filaments that spans the inner and outer nuclear
membrane (Ch: chromatin; SC: synaptonemal complex; CE: central element; LE: lateral
element; AP: attachment plates; NE: nuclear envelope)
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Meiotic telomere attachment in mammals is facilitated by meiosis-specific proteins, MAJIN,
TERBI1 and TERB2 that interact with each other to form the meiotic telomere complex
(Dunce et al., 2018b; Shibuya et al., 2015). Meiotic telomere complex has been shown to be
essential for fertility and the individual disruption of MAJIN, TERB1 and TERB2 in mice
leads to the failure of telomere attachment, lack of chromosomal movements, impaired synapsis
and failure of DNA double-strand break repair, and hence eventually leading to meiotic arrest
(Shibuya et al., 2014a, 2015). MAJIN as an inner nuclear membrane protein anchors the
meiotic telomere complex to the nuclear envelope (Shibuya et al., 2015; Wang et al., 2020). In
addition, in a recent study, it has been reported to bind to N-terminus of SUN1 (Wang et al.,
2020), component of the LINC complex, discussed in detail in Chapter 2. On the other hand,
TERBI has also been suggested to bind to SUN1 through its N-terminal armadillo repeat,
whilst the C-terminal MYB domain has been suggested to bind to cohesion components
(Shibuya et al., 2014a). TERB2 physically connects the MAJIN and TERBI through its C-
and N-terminal interaction, respectively (Shibuya et al., 2015; Zhang et al., 2017). TERBI has
also been reported to bind to the shelterin complex, in particular with TRF1 (Chen et al.,
2008; Long et al., 2017; Pendlebury et al., 2017; Shibuya et al., 2014a), however in the cells,
the interaction between the TRF1 and the meiotic telomere complex has appeared to be
transient. Previously studies (Shibuya et al., 2015; Zhang et al., 2017) have reported that
during leptotene and zygotene, the meiotic telomere complex assembled on the nuclear
envelope, undergo TRF1-dependent recruitment of the telomeric ends (Dunce et al., 2018b;
Shibuya et al., 2015; Zhang et al., 2017), later through CDK activity the TRF1 is displaced to
the flanking regions in pachytene, whilst the meiotic telomere complex remains associated with

the telomere ends (Shibuya et al., 2015).

Hence, the meiotic telomere complex is essential in connecting the shelterin complex with the
LINC complex and together they facilitate the telomere attachment to the inner nuclear
membrane. The linker of nucleoskeleton and cytoskeleton (LINC) complex act as a mechanical
transducer that mediates cytoskeletal forces from the cytoplasm to the nucleus through the
interaction of SUN and KASH domain proteins in the perinuclear space (Czapiewski et al.,
2016; Meinke and Schirmer, 2015; Rothballer et al., 2013). SUN domain proteins span the

inner nuclear membrane and interact with emerin and nuclear lamin A (Haque et al., 2010,
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20006), whilst KASH domain proteins span the outer nuclear membrane and interact with
various cytoskeletal structures (Morimoto et al., 2012; Roux et al., 2009; Wilson and Holzbaur,
2015). LINC complexes are vital for various cellular processes like sound perception, nuclear
anchorage, migration and positioning (Alam et al., 2015; Crisp et al., 2006; Horn et al., 2013Db,
2013a; Lee et al., 2015b; Luxton et al., 2010; Roux et al., 2009). However, during prophase I
of meiosis, the nuclear lamina rearranges (Link et al., 2013) and the LINC complexes associate
with meiotic telomere complex (Shibuya et al., 2014a), which then transmits the mechanical
forces generated by the cytoskeletons to the meiotic telomere ends. The movements of meiotic
chromosome end along the microtubule tracts are facilitated by a germ cell-specific protein,
KASHS5 (part of the LINC complex), that binds to microtubules through dynein-dynactin
(Horn et al., 2013b; Morimoto et al., 2012). Chapter 2 presented later in this dissertation,
details more on this subject. Thus, the LINC complexes enable the transmission of large
cytoskeletal forces generated by the microtubules to the telomeric ends of the meiotic
chromosomes that are anchored to the nuclear envelope by the meiotic telomere complex. This
association enables rapid chromosomal movements that later promote homologous

chromosome pairings, which facilitate synapsis and crossover formation.
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Figure 1.4: Rapid prophase chromosomal movements through LINC and meiotic telomere
complex

LINC complexes enable the transmission of large cytoskeletal forces from the microtubules to
the telomeric ends of the meiotic chromosomes that are anchored to the nuclear envelope by
the meiotic telomere complex. This association enables rapid chromosomal movements that
promote homologous chromosome pairings, which facilitate synapsis and crossover formation.

Figure reproduced from our article (Dunce et al., 2018b)
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Chapter2: LINC complex, the mechanical transducer (Feel the force!)
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2.1 Introduction

Cellular compartmentalisation and the existence of membrane-bound cell organelles like the
nucleus, enable the eukaryotes to conduct complex higher-order cellular activities. Nucleus, a
large cell organelle that harbours the genetic material acts as a control centre by maintaining
the integrity of genes and orchestrating various complicated cellular activities like gene
regulation and expression. Nuclear Envelope (NE), a complex double-walled phospholipid
bilayer membrane, consists of (i) an outer nuclear membrane (ONM) that is continuous with
the endoplasmic reticulum and interacts with the cytoskeletons; (ii) an inner nuclear
membrane (INM) that interacts with nucleoskeletons; (iii) a perinuclear space that separates
the ONM and INM roughly by 20-50 nm; and (iv) giant nuclear pore complexes (with a
diameter of about 120 nm) that integrates ONM, perinuclear space and INM. NE acts as an
effective barrier that separates the nucleus from the cytoplasm and creates an optimal
biochemical environment for the chromosomes to function. Several transmembrane proteins
have been reported to be embedded in the NE that interacts with the cyto- and nucleo-
skeletons to maintain the integrity of the NE and hence maintaining the structural integrity
and positioning of the nucleus in relative to other cell organelles. Physical coupling of these
skeletal structures is essential for various cellular functions and is mainly mediated by
the Linker of the Nucleoskeleton to the Cytoskeleton complex (LINC). LINC complexes span
the NE and connect the cytoskeletal and nuclear structures to transduce mechanical forces
between these cellular components (Crisp et al., 2006; Haque et al., 2010; Lee and Burke,
2018; Meinke and Schirmer, 2015) (Figure 2.0.1a). LINC complexes are vital for various
cellular processes like meiotic chromosome dynamics, sound perception, nuclear anchorage,
migration and positioning (Alam et al., 2015; Crisp et al., 2006; Horn et al., 2013b, 2013a;
Lee et al., 2015b; Luxton et al., 2010; Roux et al., 2009). Human laminopathies like Emery-
Dreifuss muscular dystrophy, Barraquer-Simons syndrome and Hutchison-Gilford progeria
syndrome are associated with the disruption of LINC complexes and their interacting partners
(Chang et al., 2019; Chen et al., 2012; Janin et al., 2017; Meinke and Schirmer, 2015;
Taranum et al., 2012; Zhou et al., 2018).
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LINC forms a mechanical tether through direct interaction in the perinuclear space with
KASH (Klarsicht, ANC-1 and Syne homology) domain and SUN (Sadl and Unc-84
homology) domain proteins (Crisp et al., 2006; Haque et al., 2006; Padmakumar et al., 2005;
Sosa et al., 2012; Wang et al., 2012; Zhou et al., 2012). KASH domain proteins span the
ONM and have a large N-terminal cytoplasmic domain that interacts with various
cytoskeletons (Spindler et al., 2019; Starr and Fridolfsson, 2010) and a C-terminal eponymous
KASH domain in the perinuclear space, which interacts with the C-terminal eponymous SUN
domain of SUN proteins that cross the perinuclear space and spans the INM, allowing their
N-termini to interact with the telomeric ends of meiotic chromosomes (Shibuya et al., 2014a),
chromatins (Chi et al., 2007) and nucleoskeletons like nuclear lamina (Crisp et al., 2006;
Haque et al., 2010, 2006). Thus, the mechanical forces generated by the cytoskeletons are
physically transduced to the nuclear contents by the LINC complexes, which are established

by a luminal SUN-KASH core interaction (Figure 2.0.1a).
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Figure 2.0.1: The canonical model of the LINC assembly as 3:3 complex

(a) The LINC complex spans the nuclear envelope to transduce the cytoskeletal forces to the
nucleus. The canonical model of the linear LINC complex is formed of three KASH molecules
bound to a single SUN2 trimer forming a 3:3 complex in the perinuclear space. SUN proteins
span the INM and KASH proteins span the ONM (b) Displaying the crystal structure of
SUN2-KASHI1, where the 3:3 complex was interpreted as the biological unit (Sosa et al.,
2012).
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In mammals, there are five types of SUN protein that span the INM, which share a common
C-terminal eponymous SUN domain that interacts with KASH proteins in the perinuclear
space. The N-terminal nucleoplasmic domain of SUN proteins is known to interact
nucleoskeletons like lamin and various chromatin-binding protein (Crisp et al., 2006; Haque
etal., 2006; Hodzic et al., 2004). Whilst, SUN1 (Figure 2.0.2) and SUN2 are widely expressed
and are known to perform partly redundant functions (Lei et al., 2009; Zhang et al., 2009, p.
2), SUN3, SUN4 and SUNS5 are mostly germ-cell specific (Frohnert et al., 2011; Géb et al.,
2010; Jiang et al., 2011; Shao et al., 1999).
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